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Isoform-Specific Imprinting of the Human PEG1/
MEST Gene

To the Editor:
Mouse Peg1/Mest encodes a protein with sequence ho-
mology to the alpha/beta-hydrolase (Sado et al. 1993).
The gene maps to an imprinted region of mouse chro-
mosome 6 and is expressed monoallelically from the
paternal allele (Kaneko-Ishino et al. 1995). When the
null allele is paternally transmitted, the offspring exhibit
severe intrauterine growth retardation (Lefebvre et al.
1998). Uniparental disomy of mouse chromosome 6 is
associated with a similar phenotype, presumably as a
result of lack of expression of Peg1/Mest (Ferguson-
Smith et al. 1991). The human homologue, PEG1/
MEST, has been mapped to 7q31.3, within a region of
conserved synteny corresponding to mouse chromosome
6, and is monoallelically expressed from the paternal
allele in a wide variety of tissues during prenatal and
postnatal development. Uniparental disomy of chro-
mosome 7 in humans is associated with phenotypic fea-
tures of Russell-Silver syndrome (MIM 180860), char-
acterized by intrauterine growth retardation with
dysmorphic features such as triangular facies. PEG1/
MEST, as the only known imprinted gene on chromo-
some 7, has been considered a candidate gene for the
syndrome (Kobayashi et al. 1997; Lefebvre et al. 1997;
Riesewijk et al. 1997).

Imprinting of PEG1/MEST is apparently lost in lym-
phocytes and transformed lymphoblastoid cell lines. In
these tissues, PEG1/MEST is apparently expressed from
both the paternal allele and the maternal allele (Riese-
wijk et al. 1997). Furthermore, PEG1/MEST is tran-
scribed in lymphoblastoid cell lines from patients with
maternal uniparental disomy of chromosome 7, or
“upd(7)mat” (Cuisset et al. 1997; Riesewijk et al. 1997).
Because upd(7)mat cells lack a paternal allele of PEG1/
MEST, the transcript must derive from the maternal
allele.

The purpose of this report is to delineate the under-
lying mechanism of apparent loss of imprinting in lym-
phocytes,to better understand the control of imprinting
of the human PEG1/MEST gene. In general, loss of im-

printing may be accounted for by several mechanisms.
First, imprinting can be regulated in a tissue-specific way.
Relaxation of imprinting or biallelic expression of im-
printed genes is observed in some tissues. Examples in-
clude insulin (Ins) 1 and Ins2 (Giddings et al. 1994;
Deltour et al. 1995), and Ube3a (Albrecht et al. 1997).
Second, imprinting may be controlled in a promoter-
specific manner. Such promoter-specific imprinting was
first identified in the IGF2 gene (Vu and Hoffman 1994;
Ekstroem et al. 1995). In liver and chondrocytes, the
IGF2 transcript from the P1 promoter is always derived
from both the paternal allele and the maternal allele,
whereas transcripts from other promoters (P2–P4) are
expressed solely from the paternal allele. This finding
demonstrated that both imprinting and a lack of im-
printing could occur within a single gene in a single
tissue, suggesting that regional imprinting factors might
be important. Third, imprinting can be governed in an
isoform-specific way when a single transcription unit
encodes different proteins. Maternally derived (e.g.,
from NESP55), paternally derived (e.g., from XLAL-
PHAS), and biallelically derived (e.g., from GSALPHA)
proteins are produced by different patterns of promoter
use and alternative splicing of a single transcription unit,
GNAS1 (Hayward et al. 1998; Peters et al. 1999).

Comparison of the 5′ end of the expressed-sequence
tag (EST) sequences assembled as the PEG1/MEST
UniGene cluster (Hs. 79284) revealed that six EST
clones—AA305098 and AA305289 (colon carcinoma),
AA337069 (endometrial tumor), R18211 (infant brain),
AA095601 (8-wk fetal heart), and AA092738 (10-wk
fetal heart)—share a novel sequence joined to exon 2 of
PEG1/MEST (Cuisset et al. 1997), suggesting transcrip-
tion of an alternative isoform (fig. 1). We first charac-
terized the alternative isoform of PEG1/MEST and ex-
amined expression of each of the original and novel
isoforms independently. In the following discussion, the
original isoform and the alternative one will be referred
to as “isoform 1” and “isoform 2,” respectively. To de-
lineate the genomic structure of the PEG1/MEST tran-
scription unit containing the two isoforms, finished ge-
nomic-sequence contigs of 7q31.3, deposited at the
University of Washington Genome Center were surveyed
and aligned against the isoform 1–specific and the iso-
form 2–specific cDNA sequences, by means of Se-
quencher software (Gene Codes). Because a mapping



310 Letters to the Editor

Figure 1 Alternative splicing of human PEG1/MEST. Arrows
indicate primers used for expression studies. RT was followed by PCR
amplification by use of exon specific primers. Top, Human EST se-
quences that matched with the first exon of the alternative isoform.
Middle, Exon organization of the PEG1/MEST transcription unit that
transcribes two isoforms. In the present study, RT-PCR was done either
with PEG36 and PEG34 or with PEG33-PEG34, to detect isoform 2
and isoform 1, respectively. Poly T’s and AflII correspond to poly-
morphic sites in the 3′ UTR that have been described elsewhere. Riese-
wijk et al. (1997) and Kobayashi et al. (1997) used primer pair R4
and R10 and primer pair HP1F and HP1R, respectively. Bottom, Prim-
ers used for RT-PCR, from mouse peripheral blood.

Figure 2 Expression patterns of the PEG1/MEST isoforms. Ex-
pression of isoforms 1 and 2 in normal, upd(7)mat, and upd(7)pat
lymphoblastoid cell lines were analyzed by means of RT-PCR. Isoform
1 is expressed in upd(7)pat but not in upd(7)mat. Isoform 2 is ex-
pressed in both cell lines. Hence, isoform 1 is imprinted, whereas
isoform 2 is not.

study had indicated that genetic distance between PEG1/
MEST and D7S649 (also known as “sWSS1203”) was
!1 cM (Kobayashi et al. 1997), sequence contigs flank-
ing the PAC clone djs213 containing D7S649 were an-
alyzed (GenBank accession number AC007938). Com-
parison of the genomic sequence of PAC djs201 and
cDNA sequences of isoform 1 and isoform 2 revealed
the following: (1) the two isoforms have distinctive first
exons (the first exon of isoform 2 will be referred to as
“exon A,” the first exon of isoform 1 as “exon 1”); and
(2) exon A is located 6 kb upstream of exon 1. Exon A
contains a stop codon only 6 bases 5′ of the exon-intron
boundary. It is likely that the start codon of isoform 2
is within exon 2 and that exon A comprises the 5′ UTR
of isoform 2. Exon A is >57 bp in length. Expression
of isoform 1 and isoform 2 in lymphoblastoid cells was
detected by means of reverse transcription–coupled PCR
(RT-PCR) assay. Either the forward PCR primer (PEG36
[5′-agtcctgtaggcaaggtcttacctg]), based on the isoform
2–specific sequence in exon A, or the forward primer
specific for the exon 1 of the isoform 1 (PEG33 [5′-
atgggataacgcggccatggtg-3′]), was used with the reverse
primer that anneals to the portion of the cDNA sequence
shared between the two isoforms (PEG34 [5′-atagt-
gatgtggtctcggtttgtcactg-3′]) (fig. 1). A upd(7)mat lym-
phoblastoid cell line (GM11496) (Spence et al. 1988)
and a paternal uniparental disomy of chromosome 7, or
“upd(7)pat,” lymphoblastoid cell line (Pan et al. 1998)
were obtained from the National Institute of General
Medical Sciences (NIGMS Coriell Cell Repositories) and

from the tissue culture core at Baylor College of Med-
icine, respectively. The cells were cultured under stan-
dard conditions, and total RNA was extracted by means
of an RNA purification kit (QIAGEN). One microgram
of total RNA was used to synthesize cDNA with the
Superscript preamplification system (GIBCO/BRL), and
1% of the resulting material was used for RT-PCR. The
cycling conditions were 947C for 10 min (1 cycle); 947C
for 1 min, 587C for 1 min, and 727C for 2 min (40
cycles); and 727C for 10 min (1 cycle). RT-PCR revealed
that the upd(7)mat cell line expressed isoform 2 but not
isoform 1, whereas normal lymphocytes and the
upd(7)pat cell line expressed both isoform 1 and isoform
2 (fig. 2).

In this study, we have demonstrated that (1) an al-
ternative isoform of PEG1/MEST is expressed concur-
rently with the original isoform in adult lymphocytes
and lymphoblastoid cell lines and (2) isoform 1 (the
original isoform) is expressed only from the paternal
allele, whereas isoform 2 (the alternative isoform) is ex-
pressed from both the paternal allele and the maternal
allele. These results are discordant with the results of
previous studies, which support biallelic expression of
the PEG1/MEST in lymphocytes. In retrospect, it is un-
derstandable why the previous studies failed to identify
such differential imprinting: the primers used for RT-
PCR in other studies would not have allowed discrim-
ination between the imprinted isoform and the nonim-
printed isoform (fig. 1). In lymphocytes, recognition of
an imprinted isoform (isoform 1) was masked by the
presence of the nonimprinted form (isoform 2).

Other studies have demonstrated that, in upd(7)mat
lymphocytes, only the methylated allele is present at the
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promoter of the isoform 1 of PEG1/MEST, whereas both
methylated and unmethylated alleles are present in nor-
mal lymphocytes (Riesewijk et al. 1997). We now con-
clude, on the basis of findings from the present study,
that parental-of-origin–specific loss of isoform 1 ex-
pression is strictly correlated with the methylation of the
promoter of isoform 1. Documentation of this tight cor-
relation validates the use of methylation analysis of
PEG1/MEST gene in lymphocytes as a diagnostic assay
for upd(7)mat.

Identification of isoform-specific imprinting illustrates
several important issues with respect to imprinting stud-
ies in general. First, effort should be made to identify
isoforms when one is evaluating new potentially im-
printed genes. A potentially imprinted gene could be
mistakenly disregarded if isoform-specific imprinting is
overlooked. As shown in this study, use of the EST da-
tabase can be very helpful in the identification of alter-
native isoforms. Second, imprinted genes that are alleg-
edly subject to tissue-specific imprinting may need
further evaluation. As shown with PEG1/MEST and
GNAS1, nonimprinted or reciprocally imprinted iso-
forms may be expressed in tissues in which imprinting
is apparently lost (Hayward et al. 1998; Peters et al.
1999). Third, the concept of leaky expression needs to
be challenged. Examples of leaky expression include
p57kip2 (Reik and Maher 1997) and IMPT1/ORCTL2
(Cooper et al. 1998; Dao et al. 1998). With respect to
PEG1/MEST, a minimal but detectable level of expres-
sion from the maternal allele was observed in early (6–9
wk) human embryos, and this was considered to be leaky
expression from the imprinted inactive maternal allele
(Kobayashi et al. 1997). It is probable that these leaky
transcripts from the maternal allele represent isoform 2,
in light of the fact that isoform 2 is expressed as early
as 8–10 wk in fetal heart (EST sequences AA092738
and AA095601). Similarly, the concept of interspecific
imprinting differences may need revision. In contrast to
the human PEG1/MEST gene, the mouse gene is not
expressed from the paternal allele in lymphocytes (Riese-
wijk et al. 1997), nor is leaky expression from the ma-
ternal allele observed in mouse embryos (Kaneko-Ishino
et al. 1995). Hence, a difference, in imprinting patterns,
between mice and humans may simply reflect absence
of isoform 2 in the mice. In fact, evaluation of the mouse
Peg1/Mest UniGene cluster (Mm. 1089), consisting of
181 mouse EST sequences, revealed no evidence of al-
ternative splicing: all 40 ESTs that contained exon 2 were
flanked by exon 1 sequence, not by exon A–like se-
quence. Furthermore, RT-PCR, done with cDNA ob-
tained from mouse peripheral blood by means of mouse-
specific primer positioned within exon 4/5 of mouse
Peg1/Mest gene (mPEG34 [5′-atgtggtctcggcttgtcactg-3′]),
in combination with any of the four human-specific
primers positioned within exon A (PEG36, PEG36A [5′-

agtcctgtaggcaaggtcttacctga-3′], PEG36T [5′-gagtcctgtag-
gcaaggtcttacct-3′], and PEG36C [5′-gagtcctgtaggcaagg-
tcttacc-3′]) failed to amplify, whereas primer mPEG33
(5′-gggataatgcggccatggtg-3′), designed on the basis of
mouse exon 1 sequence (the exon unique to isoform 1),
yielded a specific PCR product when used with mPEG34
(fig. 1). These observations support the contention that
isoform 2 may not be expressed in mouse peripheral
blood and/or lymphocytes. In summary, human PEG1/
MEST is imprinted in an isoform-specific manner rather
than in a tissue-specific manner in lymphocytes.
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Involvement of the HLXB9 Homeobox Gene in
Currarino Syndrome

To the Editor:
Anorectal malformations (ARMs) are among the most
common congenital anomalies, accounting for 25% of
digestive malformations that require neonatal surgery.
ARMs have been found associated with sacral anomalies
∼29% of the time (Rich et al. 1988). When ARMs are
combined with lumbosacral anomalies, they fall into the
spectrum of the caudal regression syndrome (CRS),
which can also exhibit additional features such as partial
or total sacrococcygeal agenesis, neural changes, and
urogenital malformations (Lerone et al. 1997). The in-
cidence of CRS is ∼1 in 7,500 (Kallen et al. 1974). A
detailed clinical characterization of patients affected by
ARMs with partial or total sacrococcygeal agenesis re-
vealed significant differences in the phenotypes, leading
to the differentiation of five specific categories (Kalitzki
1965; Cama et al. 1996): (1) total sacral agenesis with
normal or short transverse pelvic diameter and some
lumbar vertebrae possibly missing (fig. 1a and b), (2)
total sacral agenesis without involvement of lumbar ver-
tebrae, (3) subtotal sacral agenesis or sacral hypodev-
elopment (with S1 present), (4) hemisacrum (fig. 1c), and
(5) coccygeal agenesis.

In 1981, Guido Currarino described a form of CRS
with hemisacrum (type IV sacral malformation), ano-
rectal malformation, and presacral mass (anterior men-
ingocele, teratoma, and/or rectal duplication) (fig. 1d;
Currarino et al. 1981). The Currarino syndrome (CS;
also called “Currarino triad”) was observed to segregate
in an autosomal dominant manner that often displayed
phenotypic variability. As defined in the original reports,
patients affected by true CS always exhibit the typical
hemisacrum, with intact first sacral vertebra (sickle-
shaped sacrum), which makes this specific sacral anom-
aly distinct to this syndrome.

Genetic studies suggested that a locus involved in nor-
mal sacral and anorectal development mapped to the
terminal end (q36) of human chromosome 7 (Lynch et
al. 1995; Seri et al. 1999). Mutations within the HLXB9
gene were identified in six cases, collectively grouped as
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Figure 1 a, ARM with total sacral agenesis and L5 hypoplasia in patient 020. b, Distal cologram, showing presence of a rectobulbar
fistula. c and d, Hemisacrum as observed in CS (c) and in patient 015 (d). The MRI shows the presence of the anterior meningocele (AM).

having dominantly inherited sacral agenesis (Ross et al.
1998). To define a more precise involvement of HLXB9
in the different phenotypic subgroupings of ARMs as-
sociated with sacral abnormalities, we screened for the
presence of mutations in 27 individuals showing differ-
ent sacral conditions, as described in table 1.

The HLXB9 gene contains three exons: double-
gradient–denaturing gradient-gel electrophoresis (DG-
DGGE) (Cremonesi et al. 1997) was performed on exons
2 and 3 (the homeodomain is coded by a portion of

these two exons) (fig. 2). Patients showing an abnormal
electrophoretic pattern were further analyzed by DNA
sequencing (see conditions in the note to table 1). The
DG-DGGE methodology yielded a high mutation-detec-
tion efficiency for exons 2 and 3, as reported elsewhere
for the analysis of other genes (Cremonesi et al. 1999).
Nevertheless, because of an extremely high melting pro-
file for exon 1, it was necessary to sequence it in all 27
samples.

Analysis of the HLXB9 coding region and intron-exon



Table 1

Collection of Patients with Anorectal and Sacral Anomalies in This Study

Patient
(Sex)

Clinical Diagnosis
(Category) Sacral Phenotypea Associated Anomalies

HLXB9 Status/Pre-
dicted Protein Change

CGC
Status

001 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, presacral
teratoma, tethered
cord, anterior
meningocele

Apparent hemizygous
deletion of HLXB9

11/del

002 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, anterior
meningocele

384delG (exon 1)/trun-
cated protein

11/11

011 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, tethered
cord, anterior menin-
gocele, hydromyelia

R295W (exon 3/a),
amino acid substitu-
tion within
homeodomain

11/9

015 (M) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, anterior
meningocele

Not detected 11/11

019 (M) CS (IV) Hemisacrum ARM without fistula,
hyposadia, Down
syndrome

Not detected 11/9

059 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, decreased
bladder capacity

85811GrA (exon 2)/
splicing defect

11/11

060 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula

T248S (exon 2)/amino
acid substitution
within the
homeodomain

11/11

066 (F) CS (IV) Hemisacrum ARM with rectoperi-
neal fistula, presacral
teratoma

Not detected 11/11

069 (F) CS (IV) Hemisacrum ARM, tethered cord,
presacral mass, rectal
duplication, bifid clit-
oris,lipoma of conus,
holoprosencephaly

Hemizygous deletion of
HLXB9

12/del

070 (M) CS (IV) Hemisacrum ARM, presacral mass Hemizygous deletion of
HLXB9

11/del

003 (M) CRS (III) Agenesia of coccix
and one sacral ver-
tebra; SR = .43

ARM with rectobulbar
fistula, lipoma of fi-
lum, hydromyelia,
vertebral anomalies
(L3–L4), syndactyly
of second and third
toes

Not detected 11/11

004 (M) CRS (III) Agenesia of coccix
and one sacral ver-
tebra; SR = .70

ARM with rectobulbar
fistula, bilateral vesi-
coureteral reflux, ver-
tebral anomalies
(L2–L5)

Not detected 11/11

007 (M) CRS (III) SR = .55 ARM with rectopros-
tatic fistula, lipoma
of terminal filum, hy-
dromyelia, tethered
cord, intra-atrial de-
fect, pulmonary ar-
tery stenosis, syndac-
tyly of the third and
fourth fingers

Not detected 11/11

014 (M) CRS (III) CRS; SR = .45 ARM with rectovesical
fistula

Not detected 11/11

(continued)



Table 1 Continued

Patient
(Sex)

Clinical Diagnosis
(Category) Sacral Phenotypea Associated Anomalies

HLXB9 Status/Pre-
dicted Protein Change

CGC
Status

016 (F) CRS (III) Agenesia of coccix and
one sacral vertebra; SR =
.35

ARM with rectocloacal
fistula, duplication of
uterus and vagina

Not detected 11/11

018 (M) CRS (III) CRS ARM with rectobulbar
fistula, posterior
meningocele

Not detected 11/11

024 (F) CRS (III) SR = .24 ARM with rectocloacal,
lipoma of terminal fi-
lum, tethered cord,
right ureterocele, in-
tra-abdominal testis,
bilateral congenital
clubfoot

Not detected 11/10

025 (M) CRS (III) Agenesia of coccix and one
sacral vertebra; SR = .54

ARM with rectobulbar
fistula, intra-ventricu-
lar defect

Not detected 11/8

029 (F) CRS (III) Agenesia of coccix and three
sacral vertebrae; SR = .33

ARM with rectoperi-
neal fistula, high
medullary cone
(D11), vertebral fu-
sion (L4–L5), annu-
lar pancreas, inferior
limb arthrogryposis,
bilateral congenital
clubfoot

Not detected 11/11

030 (F) CRS (III) Agenesia of coccix and one
sacral vertebra; SR = .58

ARM with rectocloacal
fistula, tethered cord,
L5 schisis, bicornate
uterus

Not detected 11/11

031 (F) CRS (III) SR = .54 ARM with rectovesti-
bular fistula,
macrocrania

Not detected 11/11

033 (F) CRS (III) SR = .55 ARM with rectovesti-
bular fistula, thick-
ened filum terminale,
tethered cord,
hemangiomatosis

Not detected 11/9

035 (F) CRS (III) SR = .56 ARM with rectobulbar
fistula, mild atrophy
of cerebral cortex,
hypoparathyroidism

Not detected 11/11

036 (M) CRS (III) Agenesia of coccix; SR = .54 ARM with rectobulbar
fistula, low medullary
cone (L4), open fora-
men ovale, right Hy-
dronephrosis, anoma-
lies of cervical spine
and first right rib

Not detected 11/11

068 (F) CRS (III) SR = .27 ARM with rectocloacal
fistula, monolateral
renal dysgenesis

Not detected 11/11

009 (M) Sacral agenesis (I) Complete sacral agenesis ARM with rectopros-
tatic fistula, high
medullary cone
(D11), hydromyelia,
right multicystic kid-
ney, left mega-ureter,
right hernia and un-
descended testis

Not detected 11/11

(continued)
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Table 1 Continued

Patient
(Sex)

Clinical Diagnosis
(Category) Sacral Phenotypea Associated Anomalies

HLXB9 Status/Pre-
dicted Protein Change

CGC
Status

020 (M) Sacral agenesis (I) Agenesis of sacral
vertebrae and
one lumbar
vertebra

ARM with rectobulbar
fistula, bilateral con-
genital clubfoot,
monolateral renal
dysgenesis,
hypospadias

Not detected 11/11

NOTE.—In the familial cases (001, 015, 059, and 060) where mutations are detected, they segregate with the phenotype. The exception is
the mother of patient 060, who has the T248S change but no detectable phenotype. The following polymorphic markers were used to define
the extent of the deletion in patients 069 and 070: cen-NOS3-D7S1829-GATAP6678-D7S1491-D7S798-D7S2546-AFM175yg1-D7S637-
D7S2462-D7S550-SHH-D7S2465-D7S559-HLXB9-D7S2423-D7S594-tel (see Chromosome 7 Database; for a high-resolution map around SHH
and HLXB9, see the work of Belloni et al. [1996] and Heus et al. [1999]). The breakpoints in patients 069 and 070 were located between
markers D7S550–D7S2465 (centromeric) and D7S2423–D7S594 (telomeric) and between markers NOS3–D7S1829 (centromeric) and
D7S2423–D7S594 (telomeric), respectively, indicating that HLXB9 was deleted in both patients. DG-DGGE conditions were as follows: exon
2—60%–100% urea-formamide (in all cases, 7M urea and 40% formamide represent the 100% denaturant), 6.5%–12% acrylamide, 75 V,
16 h, for primers HB9-2F (5′-TGTAGTGGTACAATCAGCAACGGGA-3′) and HB9-2R (5′-GCCCGCCCCCGCCGCCCTGCCCGCGCCCC-
GCGCCGCCCGCTCGCCGCCCGCCGCCCGCAAAGGTAACAGTGTCCCATGGGA-3′) (351-bp product); the PCR was 947C for 5 min (1
cycle); 947C for 1 min, 607C for 45 s, and 727C for 1 min (35 cycles); and 727C for 10 min (1 cycle); exon 3/a—40%–90% urea, 6.5%–15%
acrylamide, 50 V, 14 h, for primers HB9-3/aF (5′-GCCCGCCCCCGCCGCCCTGCCCGCGCCCCGCGCCGCCCGCTCGCCGCCCGCCGCC-
CCCCTTCTGTTTCTCCGCTTCCTGCG-3′) and HB9-3aR (5′ CACCCTGAGGCCATTCCAGGGCCGA-3′) (266-bp product); the PCR was
947C for 5 min (1 cycle); 947C for 1 min, 607C for 45 s, and 727C for 1 min (35 cycles); and 727C for 10 min (1 cycle); exon 3/b—30%–100%
urea, 10%–15% acrylamide, 65 V, 20 h, for primers HB9-3/bF (5′CCCGCCGCCCGCCGCTCGCCCGCCGCGCCCCGCGCCCGTCCCG-
CCGCCCCCGCCCAAAAAAGGCCAAAGAGCAGG-3′) and HB9-3/bR (5′-TGCGGGCGCCGGGGCCTCCGGGAGA-3′) (446-bp product).
The PCR was 947C for 5 min (1 cycle); 947C for 1 min, 627C for 45 s, and 727C for 1 min (35 cycles); and 727C for 10 min (1 cycle). Primer
pairs used for amplification and sequencing of exon 1 (with an ABI-373) were HB9-1F (5′-CCGCACACGGCCGCGTCGCCCGCCACCGGG-
3′) and HB9-1R (5′-CGGCGGCGGCAGCGGCCGCTGCGCCCGGAT-3′) (439-bp product) (the PCR was 947C for 5 min [1 cycle]; 947C for
1 min, 607C for 45 s, and 727C for 1 min [35 cycles]; and 727C for 10 min [1 cycle]) and HB9-1FaM13 (5′-TGTAAAACGACGGCCA-
GTCGGCACGGGCGGCGGGCACGGGGGGCCCCA-3′) and HB9-1Rc (5′-GCAGCTCTTCCCCCGCTCGCTGGGAGCCAA-3′) (518-bp
product); the PCR was 947C for 5 min (1 cycle); 947C for 1 min, 627C for 45 s, and 727C for 1 min (35 cycles); and 727C for 10 min (1 cycle).
PCR-mediated site-directed mutagenesis experiments were designed to detect the 384delG mutations by use of the following primers: HB9-1F-
PSDM (5′-GCCCGCCGACCGCCTGCGCGCCGAGAGGCC-3′) and HB9-1R (179-bp product); the PCR was 947C for 5 min (1 cycle); 947C
for 1 min, 587C for 45 s, and 727C for 1 min (30 cycles); and 727C for 10 min (1 cycle). StuI restriction digestion of the precipitated PCR
products recognizes the presence of the restriction site only on the mutated allele (50 ml of PCR product were precipitated and digested with
StuI; undigested fragment, 179 bp; digested fragments, 28 and 151 bp). Analysis was on a 2% agarose/1% Nu-Sieve gel. Each PCR reaction
was performed on 500 ng of genomic DNA in a 50-ml volume containing 50 pmol of each primer, 400 mmol of each dNTP, 10% dimethyl
sulfoxide, 1 U of Dynazyme DNA polymerase, 10 mM TRIS-HCl (pH 8.8), 1.5 mM MgCl2, 50 mM KCl, and 1.5% Triton X-100. Analysis
of the CGC repeat coding for the polyalanine tract was accomplished by PCR of the region (Eppendorf Pfu), followed by electrophoresis on
6% polyacrylamide. Primers HB9-1Fa and HB9-1Rrep (5′-AGGGTGCAGCCCCAGCGCCAGGCC-3′) were used. One of the two primers was
end-labeled with g[32P]-dATP, by means of NEB T4 kinase (in a 10-ml reaction: primer, 100 pmol; T4 kinase, 5 U; T4 buffer, 1 ml; and g[32P]-
dATP, 10 mCi; the labeling was for 1 h at 377C, followed by precipitation such that the primer was at the final concentration of 4 pmol/ml);
the PCR was 947C for 5 min (1 cycle); 947C for 1 min, 607C for 45 s; and 727C for 1 min (30 cycles); 607C for 45 s; and 727C for 10 min (1
cycle) and was performed on 250 ng of genomic DNA in a 25-ml reaction mixture containing 4 pmol of labeled primer, 20 pmol of unlabeled
primer, 400 mmol of each dNTP, 10% dimethyl sulfoxide, and 1.25 U of Pfu, 20 mM TRIS-HCl (pH 8), 2 mM MgCl2, 10 mM KCl, 6 mM
(NH4)2SO4, 0.1% Triton X-100, and 10 mg nuclease-free BSA/ml. Four microliters of each reaction was run on polyacrylamide gels for 4 h at
1,800 V. M13mp18 sequence was used as a length control for the PCR product that was 124 bp in the presence of the CGC11 repeated unit.

a SR = sacral ratio. This is obtained by comparison of the sacrum size with the fixed bony parameter of the pelvis, creating a ratio between
different segments (Pena 1995); the normal SR is .77.

boundaries in our cohort of patients detected mutations
in only those clinically characterized to have CS. Four
patients (002, 011, 059, and 060) harbored, within the
coding sequence, heterozygous point mutations that
would be predicted to cause deleterious changes in the
protein (table 1). The entire HLXB9 gene in two patients
(069 and 070) and possibly a third (001; see below) was
found to be deleted. For each mutation, a similar change
was not observed in any of 100 normal chromosomes
examined either through DG-DGGE (T248S, 858

11GrA, R295W) or PCR-mediated site-directed mu-
tagenesis (384delG) (Haliassos et al. 1989). DG-DGGE
of exon 2 detected the presence of an abnormal pattern
in 1 of 100 normal and 1 of 54 patient chromosomes
examined: direct sequencing showed that the sequence
variation is intronic and not involved in the splicing.
Moreover, the DNA sequence of exon 1 in patient 059,
already affected by the 85811GrA mutation, con-
tained, at position 357, a second nucleotide change,
which does not cause an amino acid change (P119P).
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Figure 2 Example of DG-DGGE (a) and direct DNA sequencing
(b). a, Lanes A and B, Replicated samples frm patient 060. Lanes C
and D, Controls. b, Electrophoregram showing two peaks (marked
with an asterisk [*]) at the T248S mutation in patient 060.

The missense mutations all affect the homeodomain,
suggesting that an amino acid change in this region is
relevant to the normal functioning of the protein. The
85811GrA mutation affects a nucleotide in the donor
splicing site, which is 100% conserved, suggesting that
an abnormal protein will be obtained in this case.

We also analyzed the region of exon 1, coding for the
16-alanine stretch, since variation in polyalanine resi-
dues has been reported in other homeobox genes in-
volved in disease (Goodman et al. 1997; Mundlos et al.
1997; Brais et al. 1998). This region, which includes a
CGC repeat, was examined to test if length variation
was associated with any phenotype in our collection (87
unaffected individuals, or 174 chromosomes, served as
controls). We determined that the CGC11 allele was the
most common in the general population, accounting for
the 90.23% of the chromosomes analyzed. Other alleles
observed were CGC12 (1.7%), CGC9 (7.47%), and
CGC8 (0.6%), and these were all heterozygous changes.

Only one sample (including both affected individuals
and controls) revealed a homozygous change in the po-
lyalanine tract (CGC9/CGC9). Although this sample was
from the control collection, closer investigation revealed
that the individual lacked fusion of the posterior arch
of the vertebrae and had scoliosis on the left side. No
association between the CGC-repeat length and the pres-
ence of sacral malformations could be established, since
the alleles observed in the 27 patients were all detected
in controls.

The CGC-repeat length was important in the analysis
of CS sample 001, the one family, of our collection,
demonstrating linkage to 7q36 (Seri et al. 1999). In this
family, the CGC9 allele has not been passed from the 2d
to the 3d generation, which suggests that a microdeletion
involving HLXB9 or an expansion of the allele from
CGC9 to CGC11 was present in two affected brothers of
the 2d generation and then was transmitted to their de-
scendants. Since an expansion would not likely be path-
ogenic (on the basis of our other findings), it is more
likely that a microscopic deletion occurred. FISH anal-
ysis, with BACs and cosmids encompassing HLXB9, give
the expected two signals on metaphase analysis (data
not shown), which would suggest that the microdeletion
is small. In three patients with CS (015, 019, and 066),
no DNA sequence alterations were detected.

Therefore, we identified HLXB9 mutations in only
those individuals diagnosed as having CS. This obser-
vation is not inconsistent with the findings of the original
report (Ross et al. 1998), which described six different
mutations in unrelated individuals who either were di-
agnosed with CS or had partial characteristics reminis-
cent of CS. (These patients, however, were all collectively
grouped as having sacral agenesis.) Instead, it refines the
involvement of HLXB9 in specific anorectal and sacral
malformations. Thus, we have not been able to dem-
onstrate a role for HLXB9 in caudal regression (cate-
gories III and V) and total sacral agenesis (categories I
and II). Although it is possible that a mutation or DNA
sequence variation in the noncoding region of HLXB9
could be present in these individuals, it is perhaps more
likely that these malformations are due to other factors
or defects in other gene(s). In three patients with CS
(015, 019, and 060), no mutation could be found, which
suggests genetic heterogeneity in CS or some other non-
genetic determinant (since these cases are all sporadic
and not familial). To our knowledge, no linkage studies
of families affected exclusively by CRS or total sacral
agenesis have been reported so far. The use of mouse
models to study the human disease will likely be limited,
since mice homozygous for a null mutation in Hlxb9
apparently fail to show any sacral defect (Harrison et
al. 1999; Li et al. 1999)

In the mutation screen, we paid particular attention
to the polyalanine region in exon 1, since variation in
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lengths of these tracts in other homeodomain genes have
been described in specific pathologies such as synpoly-
dactyly (Mundlos et al. 1997), oculopharyngeal mus-
cular dystrophy (Brais et al. 1998), and cleidocranial
dysplasia (Goodman et al. 1997). Although we could
determine that the CGC11 allele was the most common
in the population (∼90%), there was no specific corre-
lation with any heterozygous variants (which led to ei-
ther an increase or a decrease in CGC length) in the
sacral conditions studied. A homozygous reduction in
the length of the repeat (CGC9/CGC9) was identified in
a single control sample, and, although this individual
exhibited spinal anomalies, a clear correlation could not
be established and will require further investigation.

In most ARMs and sacral-defect cases, the cause is
unknown, and no familial recurrence is noted. In spite
of the small number of familial cases reported, it is pos-
sible that specific genes cause defined phenotypes. In this
study, we have presented evidence that the HLXB9 may
be exclusively involved in CS. This observation is im-
mediately relevant for clinical investigation and genetic
screening, and the criteria and protocols to perform these
studies have been outlined in this report.
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A Novel Locus for Leber Congenital Amaurosis Maps
to Chromosome 6q

To the Editor:
Leber congenital amaurosis (LCA) (MIM 204000/
204100) is a clinically and genetically heterogeneous ret-
inal disorder that occurs in infancy and is accompanied
by profound visual loss, nystagmus, poor pupillary re-
flexes, and either a normal retina or varying degrees of
atrophy and pigmentary changes (Leber 1869, 1871;
François 1968). The electroretinogram (ERG) is extin-
guished or severely reduced (Franceschetti 1954). LCA
is largely a recessive disease, although autosomal dom-
inant pedigrees have been identified (Sorsby et al. 1960;
Heckenlively 1988). To date, three genes for LCA have
been identified and sequenced: retinal guanylate cyclase
(GUCY2D) on chromosome 17p13; retinal pigment ep-
ithelium protein (RPE65) on chromosome 1p31; and
cone-rod homeobox (CRX) on chromosome 19q13.3.
One additional locus has been identified on chromosome
14q24 (Stockton et al. 1998). We show evidence for
linkage to chromosome 6q11-16 in a multigenerational
kindred of Old Order River Brethren. The disease gene
maps to a 23-cM interval flanked by DNA polymorphic
markers D6S1551 and D6S1694, with a maximum two-
point LOD score of 3.38 (recombination fraction [v]
zero) at D6S391. Two candidate genes on chromosome
6 were screened for mutations: gamma aminobutyric
acid rho1 and rho2 (GABRR1 and GABRR2) at 6q14-
21 (Cutting et al. 1992), and interphotoreceptor matrix
proteoglycan (IMPG1) at 6q13-15 (Gehrig et al. 1998).

The incidence of LCA is 3 in 100,000 persons and
accounts for >5% of all inherited retinal dystrophies
(Perrault et al. 1996). Clinical and genetic heterogeneity
have been demonstrated (Wardenburg 1961; Camuzat
et al. 1996). The phenotype has been associated with
familial juvenile nephronophthisis and cone-shaped
epiphyses (Saldino-Mainzer syndrome) and with kidney
disease (Senior-Loken syndrome), osteoporosis, meta-
bolic diseases, and neurological abnormalities (Loken et
al. 1961; Senior et al. 1961; Dekaban 1969; Mainzer et
al. 1970; Ellis et al. 1984).

The first locus for LCA was mapped to 17p13 with
the use of homozygosity mapping in consanguineous
families of North African descent (Camuzat et al. 1996).
Mutations in the retina-specific guanylate cyclase gene
(RETGC 1), on chromosome 17p13, involved in pho-
totransduction, were subsequently identified (Perrault et
al. 1996). Mutations in RPE65 on chromosome 1p31,
specific to the retinal pigment epithelium involved in
retinoid metabolism, were reported in patients with
LCA, thus establishing a second gene (LCA2) for this
heterogeneous disease (Marlhens et al. 1997). The pho-
toreceptor-specific homeobox gene CRX, on chromo-
some 19q13.3, has been implicated as the third gene,
since mutations were demonstrated (Freund et al. 1998).
A novel locus on chromosome 14q24 (LCA3) was iden-
tified in consanguineous Saudi Arabian families (Stock-
ton et al. 1998).

We studied a consanguineous family belonging to the
Old Order River Brethren, a religious isolate originating
in eastern Pennsylvania. The Old Order River Brethren
descended from the Swiss, who emigrated to America in
the 1750s in pursuit of religious freedom (Breckvill
1972). The kindred includes three affected individuals
in two related sibships (fig. 1) who were initially eval-
uated at the Johns Hopkins Center for Hereditary Eye
Diseases (JHCHED) and who are being followed an-
nually. The patients presented with visual acuities in the
order of 20/100–20/400, nystagmus, high hypermetro-
pia, poor pupillary reflexes, and normal fundi. Progres-
sive hypermetropia and increasing peripheral retinal
mottling, of varying degree, were noted. The ERG was
abolished. Review of other systems was unremarkable.
We report a novel locus for LCA (LCA5) in this pedigree,
on chromosome 6q11-16, by linkage analysis and ho-
mozygosity mapping.

Venous blood samples were obtained from 27 family
members of the Old Order River Brethren community
and a cheek brush sample was obtained from an infant
(individual 29). Consents were obtained in accordance
with regulations of the Johns Hopkins Medical Insti-
tutions’ Joint Committee on Clinical Investigation. DNA
was isolated from whole blood by means of the QIAamp
Blood Kit (Qiagen), according to the manufacturer’s in-



Figure 1 Pedigree of family with LCA. Blackened symbols represent affected individuals. Blackened bars indicate disease-linked haplotype. Genotype (in parentheses) is inferred. Markers are
listed in order, from centromere to telomere. Critical recombination events are noted in individuals 29 and 24 at markers D6S1551 and D6S1694, respectively.
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structions. The alkali method was used to obtain DNA
from the single cheek sample.

Initially, the affected members and their first-degree
relatives were screened to exclude linkage to the regions
of the previously described genes involved in LCA on
chromosomes 1, 17, and 19. The screen was then ex-
tended, by use of the whole-genome 8A multiplex ver-
sion of markers spaced at 20 cM (Research Genetics).
A region of homozygosity was identified on chromosome
6q. Further analysis, with additional markers in all po-
tentially significant family members, was undertaken.
Marker information was obtained from the Genome
Database.

PCR-based genotyping, with fluorescent labeled
markers, was performed by means of the Applied Bios-
ystems 373 automated DNA sequencer. PCR reactions
were performed in a 9600 Perkin Elmer thermocycler,
and the PCR products were checked for amplification
with a 3% agarose gel (Saiki et al. 1988).

The amplified PCR product was genotyped by means
of the automated DNA sequencer. GENESCAN ANAL-
YSIS 2.0.0 and GENOTYPER version 1.1 software were
used, to size the PCR products and to analyze the data.
Allele sizes were scored by two independent observers.

Two-point linkage analysis was performed by use of
the MLINK option of the FASTLINK program, version
5.1 (Lathrop et al. 1984; Cottingham et al. 1993.) In
this pedigree, LCA was analyzed as an autosomal re-
cessive trait with complete penetrance, with an assumed
allele frequency of .0032. A total of 40 microsatellite
markers (Research Genetics) on chromosome 6 were an-
alyzed, to determine the minimum region containing the
new gene (Lander and Botstein 1987). Marker allele fre-
quencies were estimated by means of the Genetic Anal-
ysis System, version 2.0 (Young), and GCONVERT
(Duffy). The final LOD scores were computed by means
of the allele frequencies generated by the GCONVERT
program. Recombination frequencies for males and fe-
males were assumed to be equal. All inbreeding loops
in the family were disconnected for computational rea-
sons (Ott 1991) (fig. 1).

The GENEHUNTER program was used to perform
multipoint linkage analysis against a fixed map of 17
informative markers, with an assumed equilibrium be-
tween marker and test loci (Kruglyak et al. 1996). These
markers were selected from the original 40 microsatellite
markers because they were highly polymorphic and their
relative orders and map distances were well estimated
in public databases. The comprehensive genetic map of
the Center for Medical Genetics, Marshfield Medical Re-
search Foundation, provided the sex-averaged genetic
distances for the markers noted in figure 1. The same
map provided the order for 37 markers. The remaining
three markers were placed by means of the Genome
Location Database. Subsequently, the genetic framework

map from the Center for Medical Genetics, Marshfield
Medical Research Foundation, reduced the 37 markers
to 23, indicating that some markers occurred at identical
positions. Thus, in the analyses in which multiple mark-
ers had identical positions, the markers with reduced
information content were dropped in favor of those with
better information content.

Multipoint LOD scores were computed with the same
model described above for two-point analysis. Multi-
point nonparametric linkage (NPL) scores were also
computed with the use of only the affected individuals.
Because of the inherent limitation on pedigree size in the
GENEHUNTER program, the large pedigree was
trimmed and broken into two separate units, accounting
for some potential loss of power in the analysis. The
data were examined for regions of allelic homozygosity
in the affected individuals (Dib et al. 1996). Haplotype
analysis was used to further define the interval contain-
ing the disease locus (Lathrop et al. 1985).

The following retina-specific genes on chromosome 6
were evaluated for the presence of disease-causing mu-
tations: the GABRR1 and GABRR2 genes on chro-
mosome 6q14.1-21 (Cutting et al. 1991, 1992) and the
IMPG1 gene on chromosome 6q13-15 (Gehrig et al.
1998) (fig. 2).

GABRR1 and GABRR2 are assumed to have arisen
by gene duplication and share a 50% homology with
each other. GABA is a neuroinhibitory transmitter me-
diating fast synaptic inhibition by activating chloride
channels. GABRR1 is expressed largely in the retina;
GABRR2 is expressed primarily in the brain. GABRR1
expression in the developing retina suggests its possible
role as a candidate gene. In exons 1 and 4, polymorphic
changes were identified. This did not change in the
amino acid. These polymorphic changes were also iden-
tified in the normal population. No sequence changes
were noted in GABRR2.

IMPG1, a novel gene encoding a major proteoglycan
of the interphotoreceptor matrix, is expressed in the ret-
ina by both rods and cones and maps to 6q13-15; it was
considered a further candidate gene for LCA (Gehrig et
al. 1998). No significant changes were noted after the
17 coding exons of this gene were sequenced.

Linkage of LCA in the Old Order River Brethren was
found at chromosome 6q11-16, supported by statisti-
cally significant two-point LOD scores with maximum
LOD score (Zmax) 3.38 ( ) at D6S391 (table 1). Hap-v = 0
lotype analysis of recombination events localizes the dis-
ease locus to a region of 23 cM, flanked by D6S1551
and D6S1694, thus identifying a new locus for LCA.
Critical recombinant events were observed at marker
D6S1551 in individual 29, who is unaffected, and at
marker D6S1694 in individual 24, who is affected, de-
fining the centromeric and telomeric boundaries, re-
spectively. A common haplotype covers the region in all
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Figure 2 Results of multipoint LOD score analysis using the GENEHUNTER program. The centromere is located toward the left of the
graph. Maximum LOD scores were obtained between markers D6S391 and D6S450.

the affected individuals (fig. 1). Homozygosity of other
highly informative markers across the candidate region
was noted.

The maximum multipoint LOD score was 3.10 be-
tween D6S391 and D6S450, a 9.5-cM interval (fig. 2).
The multipoint NPL score was significant, with P !

for a 23-cM region. Sequencing of candidate genes.004
GABRR1 and GABRR2 and IMPG1 revealed poly-
morphic changes only.

LCA in the Old Order River Brethren, a highly inbred
community, maps to a 23-cM interval on chromosome
6q11-16, as defined by linkage analysis and homozy-
gosity mapping. Since this population is genetically iso-
lated, and since LCA is quite rare, we presume that a
single common ancestor was a carrier for this recessive
trait (Lander and Botstein 1987). The large size of the
region of homozygosity in the family and the history of
migration indicate the recency of the mutation in the
population (fig. 1).

LCA in this pedigree was not associated with multi-
system abnormalities. Renal function remains normal.
Neurological and hepatic function were within normal
limits. The patients are of normal stature and intelli-
gence. Neither photophobia nor photoattraction was re-
ported in infancy, although pressing on the globes (the
digito-ocular phenomenon of Franceschetti-Bamatter)
played a prominent part in childhood behavior (Fran-

ceschetti 1954). Visual dysfunction, nystagmus, and the
digito-ocular phenomenon were noticed in early infancy.
A high hyperopic refractive correction was noted in all
the patients (Wagner et al. 1985). Ophthalmoscopic ex-
amination in infancy revealed normal fundi, but in child-
hood, attenuated retinal vasculature with a varying de-
gree of pigmentary changes was noticed. Electroret-
inography showed a markedly reduced response in the
affected individuals. Vision has been stable in all affected
members of the family who have been followed clinically
at JHCHED.

Genetic studies have identified a large region on chro-
mosome 6q responsible for several retinal dystrophies
(Small et al. 1992, 1993, 1997; Stone et al. 1994; Kelsell
et al. 1995, 1998; Sauer et al. 1997; Griesinger et al.
1998; Rabb et al. 1998; Ruiz et al. 1998). LCA5 lies in
the overlapping region of autosomal recessive RP at
6cen-q16 (Ruiz et al. 1998), progressive bifocal cho-
rioretinal dystrophy (PBCRA) at 6q12-21 (Kelsell et al.
1995), North Carolina macular dystrophy at 6q14-16.2
(Small et al. 1993), Stargardt-like dominant macular de-
generation (STGD3) at 6q13 (Stone et al. 1994; Grie-
singer et al. 1998), and dominant cone-rod dystrophy
(CORD7) at 6q13-15 (Kelsell et al. 1998) (fig. 3). The
occurrence of multiple loci so closely spaced in the ge-
nome could indicate the presence of a number of retinal
genes in continuum, since the phenotype of all these
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Figure 3 Chromosome 6 ideogram, showing the location of can-
didate genes screened and retinal disease loci in the region.

Table 1

Two-Point LOD Scores for Linkage between LCA and Chromosome 6 Markers

LOD SCORE AT v =

ORDER .00 .01 .50 .10 .20 .30 .40 vmax Zmax

D6S257 21.33 2.17 .67 .92 .93 .71 .39 .145 .97
D6S1628 21.24 1.00 1.49 1.52 1.29 .93 .49 .084 1.53
D6S1658 21.23 2.63 2.15 .04 .19 .18 .11 .239 .20
D6S430 21.17 1.41 1.85 1.82 1.46 1.00 .51 .066 1.86
D6S1551 21.32 .27 .82 .94 .88 .67 .37 .117 .95
D6S1619 1.20 1.17 1.03 .87 .59 .36 .17 .001 1.20
D6S1596 1.23 1.20 1.10 .96 .71 .47 .23 .001 1.23
D6S391 3.38 3.30 3.00 2.62 1.87 1.16 .55 .001 3.38
D6S1707 3.15 3.07 2.76 2.37 1.63 .98 .47 .001 3.15
D6S251 3.22 3.14 2.83 2.45 1.71 1.06 .50 .001 3.22
D6S445 2.97 2.89 2.59 2.23 1.56 .98 .48 .001 2.97
D6S1627 2.33 2.28 2.07 1.82 1.33 .87 .43 .001 2.33
D6S1644 2.20 2.15 1.93 1.66 1.17 .74 .35 .001 2.20
D6S1631 2.70 2.63 2.38 2.07 1.47 .93 .45 .001 2.70
D6S450 2.28 2.23 2.01 1.74 1.24 .79 .38 .001 2.28
D6S1056 1.47 1.42 1.22 1.02 .70 .46 .23 .001 1.47
D6S300 1.24 1.33 1.43 1.36 1.07 .71 .35 .050 1.43
D6S1716 .08 .10 .13 .14 .13 .11 .08 .090 .14
D6S1694 2.40 2.31 2.14 2.07 2.07 2.07 2.04 .848 .19
D6S1717 2.73 2.74 2.77 2.77 2.65 2.43 2.20 .827 .39
D6S261 21.18 2.60 2.10 .10 .23 .21 .13 .231 .23

retinal dystrophies, their ophthalmologic appearance,
age at onset, and the extent and pattern of visual loss
are varied. On the other hand, like the ABCR gene mu-
tations that cause autosomal recessive retinitis pigmen-
tosa (Martinez-Mir et al. 1997, 1998), juvenile and late-
onset fundus flavimaculatus (Allikmets et al. 1997a),
cone-rod dystrophy (Cremers et al. 1998), age-related
macular disease, and recessive Stargardt disease (Kaplan
et al. 1993; Gerber et al. 1995, 1998; Allikmets et al.
1997b), leading to distinct phenotypes (Lewis et al.
1999), it is possible that a single large gene in the prox-
imal centromeric portion of the long arm of chromosome
6 could cause a myriad of retinal dystrophies, LCA being
the most severe.

Perhaps LCA5 is allelic with STGD3, RP25, CORD7,
MCDR, and PBCRA. It is conceivable that mutations
in different sites cause different structural alterations in
the predicted protein, predisposing to varying pheno-
types (Rozet et al. 1998).

The three other genes causing LCA are known to cause
other phenotypically varied retinal dystrophies as well,
raising the possibility of a similar situation in the LCA5
gene. GUCY2D mutations (LCA1) have been identified
in autosomal dominant cone-rod dystrophy (Kelsell et
al. 1998), although RPE65 (LCA2) mutations cause au-
tosomal recessive retinitis pigmentosa as well as LCA
(Morimura et al. 1998). Mutations in the cone-rod hom-
eobox gene are now known to cause autosomal domi-
nant cone-rod dystrophy, LCA, and late-onset dominant

retinitis pigmentosa (Sohocki et al. 1998). It is currently
possible to identify mutations of the known LCA genes
in less than one-third of the patients with LCA (Dhar-
maraj et al. 1999). The isolation of another locus for
this retinal disorder, LCA5, on chromosome 6q, will
account for an additional proportion of patients with
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an identifiable gene mutation. Recruitment of additional
families with LCA to further narrow the critical region
is under way, and candidate gene analysis continues.
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A Gene for an Autosomal Dominant Scleroatrophic
Syndrome Predisposing to Skin Cancer (Huriez
Syndrome) Maps to Chromosome 4q23

To the Editor:
Huriez syndrome (MIM 181600), also referred to as
“sclerotylosis,” is an autosomal dominant genoderma-
tosis, characterized by the triad of congenital scleroa-
trophy of the distal extremities, palmoplantar kerato-
derma (PPK), and hypoplastic nail changes, that was first
described in two large pedigrees from northern France
(Huriez et al. 1968). Several additional families have
since been described ( Lambert et al. 1977; Fischer 1978;
Shaw et al. 1978; Hamm et al. 1996; Kavanagh et al.
1997). The development of aggressive squamous cell car-
cinoma (SCC) of the affected skin is a distinctive feature
of the syndrome, occurring in ∼15% of affected indi-
viduals. SCC in Huriez syndrome is characterized by
early onset, mostly in the third to fourth decade of life,
and by early metastasis formation (Hamm et al. 1996).
The pathogenetic mechanism of tumorigenesis in Huriez
syndrome is unknown.

Linkage to the MN–blood-type locus on chromosome
4q28-q31 was reported initially and has subsequently
been refuted (Delaporte et al. 1995; Kavanagh et al.
1997). We therefore embarked on a linkage analysis for
Huriez syndrome with highly polymorphic microsatellite

markers, beginning on chromosome 4. After informed
consent was obtained, 22 affected and 35 unaffected
members of one of the families first described by Huriez
(family A) and a second family originating from the same
region of northern France (family B) were included in
the analysis. We calculated two-point LOD scores be-
tween each marker locus and Huriez syndrome, under
the assumption of autosomal dominant inheritance with
complete penetrance, a frequency of .0005 for the dis-
ease allele, and equal allele frequencies for each marker
allele, using the LINKAGE version 5.21 software (La-
throp et al. 1984). With reference to the Human Gene
Map (Schuler et al. 1996), we identified marker D4S424
within 2 cM of the glycophorin A gene (GYPA), which
is the erythrocyte membrane protein that encodes the
MN–blood-group receptors. D4S424 yielded a LOD
score of 210.7 at recombination fraction (v) 0.01. In
the families under investigation, the MN–blood-type lo-
cus was therefore excluded as a candidate region for
Huriez syndrome. Our finding is consistent with the ex-
clusion of the MN locus in the first English family with
Huriez syndrome (Kavanagh et al. 1997). In contrast,
marker D4S1560 gave evidence for linkage, with a LOD
score of 4.4 at . Subsequent analysis of additionalv = 0
flanking markers confirmed localization of the Huriez
locus to this region, with the highest LOD score (Zmax)
of 12.22 at , with D4S2380 (table 1). For fine map-v = 0
ping of the candidate region, additional microsatellite
markers were selected and mapped on the high-resolu-
tion Stanford Human Genome Center TNG radiation
hybrid panel. Relative distances in centirays (fig. 1) were
determined with reference to the Stanford G3 panel
(Stewart et al. 1997).

Under the more conservative assumption of incom-
plete penetrance, the candidate interval is defined by two
recombination events in one affected individual (family
A, member 6.1). Here, the 17-cM region is delimited
centromerically by D4S395 and distally by D4S411.
Under the assumption of complete penetrance, two ad-
ditional recombination events in two unaffected pro-
bands further limit the Huriez locus (fig. 2): one in family
A (member 4.11), localizing the gene telomeric to
D4S1544, and the other in family B (member 2.5), lo-
calizing the gene centromeric to D4S2966. The Huriez
locus is thus confined to an 8-cM region between
D4S1544 and D4S2966. Haplotypes were constructed
for both families by use of 16 markers between D4S2963
and D4S1564. Comparison between the disease alleles
of the two families revealed three adjacent markers iden-
tical by state (IBS) (fig. 1). For two of these markers,
D4S2973 and D4S1559, the shared allele is the most
common allele found among all individuals, with relative
frequencies of .87 and .58, respectively. There is no
known relationship between the two families investi-
gated. However, in view of the rarity of the condition
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Table 1

Combined Pairwise LOD Scores for Families A and B between Huriez Syndrome and Markers
on Chromosome 4q

MARKER

CM
FROM

PTEL

LOD SCORE AT v =

Zmax vmax.0 .01 .05 .1 .2 .3 .4

D4S1544 97.9 2` 6.36 6.55 6.16 4.93 3.35 1.52 6.55 .05
D4S414 99.2 6.99 6.87 6.39 5.76 4.40 2.97 1.26 6.87 .0
D4S2909 100.0 8.41 8.27 7.66 6.87 5.17 3.29 1.35 8.41 .0
D4S2380 101.0 12.22 12.02 11.19 10.10 7.75 5.16 2.39 12.22 .0
D4S2973 103.1 .86 .85 .78 .70 .51 .31 .13 .86 .0
D4S1559 103.1 3.69 3.59 3.21 2.76 1.91 1.08 .32 3.69 .0
D4S1578 103.1 6.67 6.55 6.04 5.40 4.08 2.71 1.29 6.67 .0
D4S1560 103.1 4.40 4.32 3.99 3.56 2.64 1.63 .60 4.32 .0
D4S2986 104.6 9.96 9.81 9.19 8.36 6.53 4.45 2.12 9.81 .0
D4S2966 107.8 2` 8.48 8.51 7.93 6.30 4.32 2.09 8.51 .01
D4S424 146.4 2` 210.73 23.60 21.02 .73 .92 .40 .92 .3

NOTE.—Marker coordinates are noted according to the final Généthon linkage map (Dib et al.
1996). The coordinate of D4S2380 is noted with reference to the Marshfield Comprehensive Human
Genetic Maps (Broman et al. 1998). D4S424 maps within 2 cM of the glycophorin A gene (GYPA,
MN–blood-group receptors).

and the fact that both families originate from neigh-
boring villages in northern France, we inferred that the
IBS status of three adjacent markers in the candidate
region reflects the existence of a common founder hap-
lotype. If the common haplotype is verified, this would
indicate that the Huriez gene is located in a 3.1-cM
interval between D4S2909 and D4S1578. Further mark-
ers must be investigated to substantiate this finding, al-
though we have exhausted all known microsatellite
markers in this region. In both families, Huriez syn-
drome is linked to markers on chromosome 4q some 30
cM centromeric of D4S424. Epidermal growth factor
(EGF) was a potential candidate gene that has been
mapped to chromosome 4q21-24 on a human-rodent
somatic cell hybrid panel (Brissenden et al. 1984). EGF
induces cellular proliferation and differentiation of var-
ious epidermal and epithelial tissues and is a potent mi-
togen (Carpenter and Cohen 1979). Increased levels of
the EGF receptor are associated with malignant trans-
formation of squamous cells (Lee et al. 1997) and are
observed in SCC of the skin (Springer and Robinson
1991), esophagus (Yano et al. 1991), head and neck (Lee
et al. 1997), cervix (Kim et al. 1996), and lung (Pfeiffer
et al. 1998). According to the gene map of the human
genome (Schuler et al. 1996), the EGF gene is located
between D4S411 and D4S1564. Haplotype analysis for
both families A and B revealed recombination events in
individuals 6.1 and 2.5, respectively, that exclude EGF
as a candidate gene for Huriez syndrome.

Affected patients with sclerotylosis have a greatly in-
creased risk of cutaneous SCC. The clinical presentation
of patients with sclerotylosis strongly indicates that this
disorder is a precancerous condition. Affected individ-
uals carry a 1100-fold higher risk for the development

of aggressive SCC of the skin (Levi et al. 1995; Gray et
al. 1997), the age at onset of skin cancer is much lower
than in the general population, and tumors arise in areas
of affected skin. Sclerosis (Nachbar et al. 1993; Ozturk
et al. 1998), atrophy, and scarring (Hagiwara et al.
1996) are well-recognized risk factors for the develop-
ment of SCC of the skin. Clinically, the development of
SCC in Huriez syndrome bears striking similarity to
Marjolin’s ulcer, which refers to malignancies arising in
chronic ulcers of the skin, scar tissue, and burn scars
(Fleming et al. 1990). The skin fragility found in Huriez
syndrome leads to scarring, and the scleroatrophic
changes may represent a process similar to scarring, thus
predisposing to skin cancer. In addition, the exposure to
exogenous mutagens such as arsenic (Jackson and Gra-
inge 1975) have been recognized as risk factors for the
development of SCC of the skin. The atrophic changes
in skin anatomy observed in this type of PPK may disturb
the barrier function of the skin, thus facilitating the pen-
etration of putative physical, chemical, and infectious
mutagens. However, most PPKs are not associated with
an increased risk of skin cancer (Stevens et al. 1996). In
addition, there is no evidence that sclerotylosis is asso-
ciated with an increased risk of skin tumors other than
SCC, which one would expect to observe if the devel-
opment of local malignancies were solely attributable to
the defective barrier function and the increased exposure
to exogenic carcinogens.

It is noteworthy that loss of heterozygosity of 4q has
been reported in 81% of squamous cell neoplasms of
the head and neck (Pershouse et al. 1997) and in 46%
of cervical carcinoma (Mitra et al. 1994). In SCC of the
head and neck with deletions on 4q, the region that was
consistently involved extends distal of the Huriez gene



Figure 1 Pedigrees of families A and B with Huriez syndrome. Affected family members are denoted by blackened symbols. The most likely haplotype for seven markers from an 8-cM interval
between D4S1544 and D4S2966 is shown below each individual.
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Figure 2 Linkage map of microsatellite markers from chro-
mosome 4q23. Genetic distances are indicated in centimorgans. Mark-
ers are arranged in map order according to the final Généthon human
linkage map (Dib et al. 1996). In the candidate region, markers are
ordered according to their score on the TNG radiation hybrid panel.
Here, relative positions are noted in cR after assigning 0 cR to marker
D4S1544. The wild-type allele is represented by a white bar, the mu-
tated allele by a gray bar. In the candidate region, markers IBS are
noted in boldface type. The recombination events in members 4.11
and 6.1 of family 1 and 2.5 of family 2 are shown. The minimal
candidate region for Huriez syndrome is marked. “aff.” indicates af-
fected; “not aff.,” not affected.

locus and possibly overlaps with it on its centromeric
end. A tumor-progression model for SCC of the skin has
been proposed in which serial mutagenesis exceeds a
threshold level, leading to tumor growth (Grossman and
Leffell 1997). The gene mutation underlying Huriez syn-
drome may represent a first event in that series. Iden-
tification and characterization of the gene causing Hu-
riez syndrome may provide important insights into the
pathogenesis of skin cancer.
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atodermique des extremités (au sujet de trois nouveaux cas
familiaux). Ann Dermatol Venereol 105:1079–1082

Fleming MD, Hunt JL, Purdue GF, Sandstad J (1990) Mar-
jolin’s ulcer: a review and reevaluation of a difficult problem.
J Burn Care Rehabil 11:460–469

Gray DT, Suman VJ, Su WP, Clay RP, Harmsen WS, Roenigk
RK (1997) Trends in the population-based incidence of squa-
mous cell carcinoma of the skin first diagnosed between
1984 and 1992. Arch Dermatol 133:735–740



330 Letters to the Editor

Grossman D, Leffell DJ (1997) The molecular basis of non-
melanoma skin cancer: new understanding. Arch Dermatol
133:1263–1270

Hagiwara K, Uezato H, Miyazato H, Nonaka S (1996) Squa-
mous cell carcinoma arising from lupus vulgaris on an old
burn scar: diagnosis by polymerase chain reaction. J Der-
matol 23:883–889

Hamm H, Traupe H, Brocker EB, Schubert H, Kolde G (1996)
The scleroatrophic syndrome of Huriez: a cancer-prone gen-
odermatosis. Br J Dermatol 134:512–518

Huriez C, Deminatti M, Agache P, Mennecier M (1968) Une
génodysplasie non encore individualisée: la génodermatose
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Human Genetics, Charité, Campus Virchow, Humboldt-University, Augusten-
burger Platz 1, D-13353 Berlin, Germany. E-mail: andre.reis@charite.de

q 2000 by The American Society of Human Genetics. All rights reserved.
0002-9297/2000/6601-0034$02.00

Am. J. Hum. Genet. 66:330–332, 2000

Transmission-Ratio Distortion at Xp11.4-p21.1 in Type
1 Diabetes

To the Editor:
Naumova et al. (1998) reported a deviation from the
expected Mendelian 1:1 ratio of grandpaternal/grand-
maternal alleles at loci in Xp11.4-p21.1 in the children
of 47 families not selected on the basis of the disease
status of the children. The transmission-ratio distortion
(TRD) was found only among male offspring and was
manifested as a bias in favor of the inheritance of the
alleles of the maternal grandfather. The critical region,
containing the putative TRD locus, named “DMS1,”
was mapped to an interval bounded by DXS538 and
DXS7 and peaking at DXS1068.

These observations might have an impact on the re-
sults of a study in which we have provided evidence of
linkage to type 1 diabetes mellitus (MIM 222100), in
the same region of chromosome X (Cucca et al. 1998).
The possibility of TRD at chromosome Xp gives rise to
the question of whether the diabetes-linkage results are
indeed disease specific. The following evidence suggests
that it is highly unlikely that the DMS1 locus is respon-
sible for the chromosome Xp linkage to type 1 diabetes.

We genotyped DXS1068 (a marker that was at the
peak of our linkage curve) in two sample sets of control
families not ascertained on the basis of the disease status
of the children. These control families were from the
Centre d’Etude du Polymorphisme Humaine (Fondation
Jean Dausset/CEPH) and from a population-based sam-
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ple from the town of Busselton, Australia, and included
61 large pedigrees with 603 children and 220 families
with 525 children, respectively (Hill et al. 1995). Single-
point allele sharing in these families with multiple sib-
ships was corrected by means of the method proposed
by Hodge (1984), as implemented in the software GE-
NOME ANALYSIS SYSTEM, version 2.0. We obtained
51% sharing, by sib pairs, of one allele identical by
descent (252.6 sharing one allele and 243.4 sharing no
alleles; ). This compares with 60.5% sharing forP = .68
DXS1068 in 580 type 1 diabetic sib pair families (193
sharing one allele identical by descent and 126 sharing
no alleles in a single-point analysis; ).24P = 2 # 10
Hence, there is no evidence of TRD in these nondiabetic
families that were analyzed in the same way that we
analyzed the diabetic families.

We typed both 255 discordant (affected/unaffected)
independent sib pairs from the United Kingdom and Sar-
dinian families for DXS1068. We obtained identity-by-
descent values of 77 and 86 for sharing one and no
alleles, respectively, for all discordant pairs (47.6%); the
corresponding values were 25 and 29 for male/male pairs
only (46.3%). The trend toward !50% allele sharing in
discordant sib pairs is consistent with a type 1 diabetes–
specific effect.

The putative DMS1 TRD locus near the DXS1068
locus affects only male progeny, whereas the strongest
linkage that we observed for DXS1068 was in male/
female pairs (Cucca et al 1998). The linkage of the
DXS1068 region to type 1 diabetes was strongly con-
centrated in the 97 of 580 families that had human leu-
kocyte antigen (HLA) DR3/X (X is not DR4) sib pairs
(multipoint MLS = 3.5 at DXS1068). Some weak evi-
dence of linkage was present also in the 195 DR3/4 sib
pairs (multipoint MLS = .75 at DXS1068), and no ev-
idence of linkage was obtained in the other 288 families
with affected sib pairs (Cucca et al. 1998). We evaluated
linkage on chromosome X, conditioning the data ac-
cording to the genotype at the HLA IDDM1 major locus
on chromosome 6p21, because, in a large data set from
Sardinia, the United Kingdom, and the United States,
there was a strong increase in the male:female (M:F)
ratio, which was almost exclusively restricted to patients
with the DR3/X genotype (M:F ratio = 1.7; P = 4.7 #

), compared with a ratio of 1.0 in the DR4/Y cat-2710
egory (Y is not DR3), with a small effect in DR3/4 pa-
tients (M:F ratio = 1.2; ) (Cucca et al. 1998).P = .03
Hence, both the evidence of linkage and the bias in the
M:F ratio were concentrated in the families with patients
positive for the HLA-DR3, which is one of the two main
predisposing haplotypes at the HLA/IDDM1 major lo-
cus. These data suggest an interaction between HLA-
DR3 haplotypes and the diabetes locus on chromosome
X, which is unlikely to be caused by an effect of the
putative DMS1 locus. Furthermore, both in the unaf-

fected parents and siblings of the United Kingdom and
in the Sardinian families who were DR3/3 homozygotes,
the ratio was reversed: 56 males and 80 females (0.7;

) compared with an M:F ratio of 2.2 in DR3/3P = .04
patients ( ), thereby providing another26P = 1.3 # 10
control for our results (Cucca et al. 1998).

These results indicate that it is unlikely that the type
1 diabetes linkage that we have observed is explained
by the DMS1 locus. TRD could, however, have a sig-
nificant effect on the interpretation of linkage studies of
polygenes in common diseases in which increases in al-
lele sharing at the disease locus may be very small. The
possibility of TRD should be ruled out in disease studies
(Eaves et al. 1999).
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Predominance of the T14484C Mutation in French-
Canadian Families with Leber Hereditary Optic
Neuropathy Is Due to a Founder Effect

To the Editor:
The Leber hereditary optic neuropathy (LHON) phe-
notype was first defined, more than 125 years ago, as a
maternally inherited optic neuropathy that primarily af-
fects young adult men (Leber 1871). Loss of central vi-
sion may be acute or subacute, and peripheral vision is
preserved. Slow delayed recovery can occur, but relative
central scotomata usually remain (Johns et al. 1993).
The chronic stage of LHON is characterized by optic
atrophy (MIM 535000).

LHON is associated with three primary mtDNA mu-
tations, all of which occur in genes coding for subunits
of complex I of the mitochondrial respiratory chain:
G3460A in ND1, G11778A in ND4, and T14484C in
ND6 (MIM 516006.0001) (Howell et al. 1995). All
three of these mutations alter evolutionarily conserved
amino acids and are not found in control individuals.
The relative frequency of the three primary LHON
mtDNA mutations varies considerably in different pop-
ulations, although G11778A is the most common world-
wide. We have recently found that T14484C is by far
the most common mutation in French-Canadian families
with LHON (Macmillan et al. 1998). The results of pre-
vious studies of mutation profiles of several metabolic
disorders have demonstrated founder effects, including
phenylketonuria (Rozen et al. 1994) and familial hy-
perchylomicronemia (De Braekeleer et al. 1991), in the
French-Canadian population.

To test the hypothesis that the predominance of the
T14484C mutation in French-Canadian families with
LHON is caused by a founder effect, we sequenced a
segment of the mtDNA displacement (D) loop and a
segment of the control region from French-Canadian
families with the T14484C mutation. Variation in these
noncoding regions has been used extensively to study
the evolution of modern populations. The regions se-

quenced included hypervariable regions (HVR) I and II
(Vigilant et al. 1989). The D-loop region extends from
nucleotide (nt) 189 backward through 0 to nt 16024 of
the 16,569-bp mtDNA. The control region extends from
nt 189 forward, toward the tRNAs. These two regions
contain the fastest-evolving regions of mtDNA (Upholt
and Dawid 1977), which have an estimated rate of ev-
olution that is 2.8–5 times that of the remainder of the
mitochondrial genome (Aquadro and Greenberg 1983;
Cann et al. 1984). The average nucleotide-sequence var-
iation in this region has been calculated to be 1.7%
(Aquadro and Greenberg 1983). We reviewed the re-
cords of patients with suspected LHON who were in-
dependently referred, for molecular diagnosis, to the
Montreal Neurological Hospital DNA Diagnostic Lab-
oratory. By cycle sequencing with the use of a New Eng-
land Biolabs kit (manual) or dye-labeled dideoxy ter-
minators on an ABI system (automated), we sequenced
regions that included HVR I and HVR II in the following
individuals: one member of each French-Canadian fam-
ily with the T14484C mutation, one member of a
French-Canadian family with the G11778A mutation,
and one member of a French-Canadian family without
a family history of LHON and with none of the three
primary LHON mutations. Sequencing was done in two
reactions, by use of the following primer pairs: L15996
and H16401 (which includes HVR I) and L29 and H408
(which includes HVR II; Vigilant et al. 1989). “L” refers
to “light” strand and “H” refers to “heavy” strand, and
the numbers refer to the Cambridge sequence (Anderson
et al. 1981). The institutional review boards of the Mon-
treal Neurological Hospital and the University of Illinois
at Chicago approved this study.

We analyzed 27 independently referred French-Ca-
nadian families with LHON and the T14484C mutation,
all of which were homoplasmic for the T14484C mu-
tation. We found eight homoplasmic transition muta-
tions (C16069T, T16126C, G16213A, A73G, G185A,
G228A, A263G, and C295T; table 1), compared with
the Cambridge sequence, in the families with the
T14484C mutation. Of the 27 families analyzed, 26
shared identical substitutions at all eight sites that were
different from the Cambridge sequence. Six of these mu-
tations were found only in families with the T14484C
mutation and not in either the family with the G11778A
family or the family without LHON (table 1). The mu-
tated sites were distributed throughout the D-loop and
control region: one was located in the large central con-
served sequence block (CSB; A73G), one (G228A) was
in CSB 1, two (T16126C and G16213A) were in HVR
I, three (G185A, A263G, and C295T) were in HVR II,
and one (C16069T) was just outside HVR I.

In addition, 22/27 families with LHON and the
T14484C mutation had a C insertion in the homopoly-
meric stretch of C’s before the T at position 310. All 27
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Table 1

Variable Sites in the D-Loop and Control Regions of mtDNA from French-Canadian Families with LHON
and the T14484C Mutation (27 Pedigrees), with LHON and the G11778A Mutation, and without LHON

PEDIGREE

PRESENCE OF MUTATIONa

C16069T T16126C G16213A A73G G185A G228A A263G C295T

1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1 1
4 1 1 * 1 1 1 1 A
5 1 1 1 1 1 1 1 1
6 1 1 1 1 1 = 1 1
7 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1
10 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 1 1
12 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1
14 1 1 1 1 1 1 1 1
15 1 1 1 1 1 1 1 1
16 1 1 1 1 1 1 1 1
17 1 1 1 1 1 1 1 1
18 1 1 1 1 1 1 1 1
19 1 1 1 1 1 1 1 1
20 1 1 1 1 1 1 1 1
21 1 1 1 1 1 1 1 1
22 1 1 1 1 1 1 1 1
23 1 1 1 1 1 1 1 1
24 1 1 1 1 1 1 1 1
25 1 1 1 1 1 1 1 1
26 1 1 1 1 1 1 1 1
27 1 1 1 1 1 1 1 1
G11778A 1 * * * * * 1 *
Without LHON * * * * * * 1 *

a A plus sign (1) indicates that the transition mutation indicated was present at that site. An asterisk (*)
indicates the Cambridge consensus sequence. “A” indicates adenine.

families with the T14484C mutation, the family with
the G11778A mutation, and the family without LHON
had a C insertion in the homopolymeric stretch of C’s
after the T at position 310. Finally, there were some sites
at which the sequence appeared to be heteroplasmic;
however, these results require independent confirmation.

These data demonstrate that French-Canadian fami-
lies with LHON and the T14484C mutation likely share
the same maternal lineage and suggest that they may all
have been derived from a single founder woman. All the
observed sequence variants—with the exception of the
insertions in the homopolymeric tract of C—were tran-
sitions, as compared with the Cambridge sequence; the
transition-to-transversion ratio of nucleotide substitu-
tions has been reported to be very high in this region
(Aquadro and Greenberg 1983). All our patients were
positive for mutations at positions 3394, 4216, and
13708, relative to the standard sequence, and it is likely
that they belong to the same haplogroup as does the
patient described by Brown et al. (1992). This haplo-
group is clearly related to white haplogroup J, which is

characterized by mutations at positions 4216 and 13708
and which is where T14484C mutations cluster in the
European population (Brown et al. 1997; Torroni et al.
1997). The most-similar published haplotype is that of
the haplogroup J T14484C “TAS2” individual, in which
seven of the mutations (C16069T, T16126C, A73G,
G185A, G228A, A263G, and C295T) were common
(Howell et al. 1995). There were four additional TAS2
mutations that were not found and three additional
TAS2 mutations that were not evaluated in the French-
Canadian families. The French-Canadian mutation ar-
ray is even less similar to those reported for five other
haplogroup J T14484C individuals, seven G11778A in-
dividuals, and three G3460A individuals (Howell et al.
1995; Hofmann et al. 1997). Furthermore, the French-
Canadian array is different from that reported for hap-
logroup J individuals without LHON (Hofmann et al.
1997).

Although the T16213A mutation has been reported
in several populations (Horai and Hayasaka 1990; Lum
et al. 1994; Mountain et al. 1995), this is the first report
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of its association with a family with LHON. The single
family (pedigree 4) that did not share this mutation may
have undergone a reversion mutation to the original se-
quence; the representative of this family also had a CrA
transversion at site 295. The small changes in the D-
loop–sequence homopolymeric tracts of C starting at
position 303 are variants of the published sequence first
reported by Greenberg et al. (1983). The C insertion
after the T at position 310 was present in all French-
Canadian families, and it was also found in the family
with TAS2. However, the C insertion before the T at
position 310 was not universally present in the French-
Canadian families with the T14484C mutation. These
insertions are very unstable and may have arisen after
the migration of the common female ancestor to New
France. These French-Canadian families with LHON
and the T14484C mutation represent a unique genetic
resource in which to evaluate the rate of accumulation
of sequence variants and the resolution of heteroplasmy
in mtDNA on a time scale of a few hundred years.
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Testing for Linkage Disequilibrium, Maternal Effects,
and Imprinting with (In)complete Case-Parent Triads,
by Use of the Computer Program LEM

To the Editor:
The traditional transmission/disequilibrium test (TDT)
and related tests (see Thomson 1995) require complete
triads of genotyped cases plus both parents, in order to
test for linkage disequilibrium in the presence of pop-
ulation admixture. A problem in empirical research is
that some of the genotype measurements will usually be
missing. These incomplete triads must be discarded to
ensure the validity of the TDT (Curtis and Sham 1995).
Recently, Weinberg (1999a) developed likelihood-ratio
tests (LRTs) that used the expectation-maximization
(EM) algorithm (Dempster et al. 1977), to use incom-
plete triads as well. Weinberg’s tests capitalize on the
fact that parent-child dyads may be informative about
the genotype of the missing parent. For instance, if a
child and a parent are both homozygous for the variant
allele, the genotype of the missing parent should com-
prise at least one copy. Simulations showed that the EM-
LRTs were more powerful than the traditional tests that
exclude incomplete triads and that they recaptured much
of the loss in information caused by missing parental
genotypes.

The widespread use of this valuable approach, how-
ever, seems hampered by a lack of accessible software.
Weinberg, for instance, used the commercial package
GLIM, which is good and flexible software but not very
user friendly (see remarks on their Internet site), and it
requires programming in order to perform the EM-
LRTs. To suggest an alternative, we discuss the script to
perform Weinberg’s tests (1999b) for linkage disequilib-
rium, maternal effects, or parent-of-origin effects in
LEM, which is a program for log-linear analysis with
missing data that uses the EM algorithm (Vermunt
1997a, 1997b). An important advantage of LEM is that,
with this script, all the tests discussed by Weinberg
(1999b) can readily be performed in the presence of all

possible patterns of missing data, without programming
work or the need to learn more LEM syntax. Further-
more, the program is optimized for rapid convergence
with EM algorithm, and standard errors of the estimates,
fit indices, and a number of appropriate tests are au-
tomatically reported in the output so that they do not
have to be programmed separately. A final advantage is
that the program (which has a DOS and a Windows
version) and the manual can be downloaded free of
charge on the Internet at the Web site for Methoden en
Technieken van Onderzoek (mto).

With a biallelic locus assumed, the genotypes of the
mother (M), father (P), and child (C) contain no copy,
one copy, or two copies of the variant allele. If the D’s
are dummy variables (e.g., means that the variableD(C=1)

is 1 in all triads in which and is 0 otherwise), thenC = 1
the log of the expected cell counts E(nMPC) of Weinberg’s
(1999b, see table 1) full model can be written as

ln[E(n )] = g 1 b D 1 b DMPC j p (C=1) 2 (C=2)

1a D 1 a D 1 ln(w ) ,1 (M=1) 2 (M=2) MPC

where are the mating-type–stratum effects (e isgje = mj

the natural exponent), is the ratio of the risk ofbpe = Rp

disease for genotypes with one copy versus no copies of
the variant allele, is the risk ratio when the ge-b2e = R2

notype comprises two versus no copies of the variant
allele, is the risk ratio or maternal effect whena1e = S1

the mother has one copy versus no copies of the variant
allele, and is the risk ratio when the mother hasa2e = S2

two copies versus no copies of the variant allele. The
wMPC are cell weights (this becomes clearer when the
component is moved to the left-hand side of the equa-
tion, so that we obtain ln[E(n )] 2 ln[E(w )] =MPC MPC

), or, in GLIM terminology, ln(wMPC) isln[E(n /w )]MPC MPC

called the “offset.” The weights can have four different
values. First, they can be 0. Because the expected counts
in these cells have to be multiplied with , theln(0)e = 0
implication is that the cell frequencies are fixed at 0.
This weight is therefore assigned to combinations—such
as , , and —that, for theoretical rea-M = 2 P = 2 C ! 2
sons, cannot occur. They are also useful in the context
of recovery of information from incomplete triads. For
example, if, in the situation described above, the ge-
notype of the child is missing, the 0 weights for C ! 2
imply that the missing genotype must comprise two cop-
ies of the variant allele. Second, the weights can be 1,
so that the expected cell counts are multiplied with

, implying that the frequencies as predicted byln(1)e = 1
Rp, R2, S1, and S2 remain unaltered. Third, in the triads

, , ; , , ; and ,M = 2 P = 1 C = 1 M = 2 P = 0 C = 1 M = 1
, (M 1 F), where the child receives the copyP = 0 C = 1

of the variant allele from the mother, the weights equal
the “parent of origin” or “imprinting” effect Im. Because
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the models also specify a “main” effect , the totalbpe = Rp

effect of on the expected count becomes ImRp. ItC = 1
is a bit unusual to use parameters as weights. The cause
is the triads consisting entirely of heterozygotes (M =

) for whom only the total cell count is observed,P = C = 1
and it is unclear how many children receive the variant
allele from the mother and how many from the father.
As a result, the effect of on the cell count involvesC = 1
the sum of , which cannot be modeled in theR 1 I Rp m p

usual way as products of effects. The effect of isC = 1
therefore written as , where is the cell(1 1 I )R (1 1 I )m p m

weight that can be modeled as a sum of effects.
A LEM script that estimates this model in the presence

of all possible patterns of missing genotypes is shown
in the Appendix. The data are analyzed as a 3 # 3 #

table (indicated in the script by the last three numbers3
after the statement dim), defined by the three manifest
(man 3) or measured genotypes of the mother, father,
and child, labeled “M,” “P,” and “C,” respectively (see
lab statement). The cell indices correspond to the num-
ber of copies of the variant allele plus one. Thus, the
count of the triads , , falls into cellM = 0 P = 2 C = 1
1,3,2. The cells are numbered in increasing order, where
the last indices change first (1,1,1; 1,1,2; 1,1,3; 1,2,1;
1,2,2; etc.). The statements mod and des are used to
specify the model and parameters. The mod statement
indicates the number of parameters and the margin of
the table that is affected. For instance, fac(C,2) means
that two parameters or main effects are estimated for
the effects of the genotype of the child. The margin of
C consists of three cells, and the des statement specifies
how the parameters affect these cells. In this case, “0
1 2” means that (1) the effect in all cells where isC = 0
0, so that this category is used as the baseline; (2) the
first parameter represents the effect in all cells where

(bp ); and (3) the second parameter represents theC = 1
effect in all cells where (b2). The mating-type stra-C = 2
tum effects are defined by the specific combination of
the maternal and paternal genotype and, therefore, per-
tain to the margin MP. Although there are 3 # 3 = 9
possible combinations, because of the assumed sym-
metry across parents within each mating type (e.g.,

, and , have equal effects) onlyM = 1 P = 2 M = 2 P = 1
six effects are estimated. LEM knows such a symmetric
margin as the prespecified design 3a, so that with the
use of the statement spe(MP,3a) there is no need for
further specification in the des statement. The weights
are combinations of constants and the imprinting pa-
rameter bm and are specified with the help of a latent
variable X (statement lat 1), which has two discrete clas-
ses (the second number after the command dim). The
effects of the first class are 0, implying an impact of

on the cell counts, and the effects of the second0e = 1
class are bm, corresponding with the imprinting param-
eter . Because only one parameter is estimated,bme = Im

and because this parameter is modeled as an effect of
the second latent class, fac(X,1) is used in the model
statement, and 0 1 is used in the design statement. The
command wei(XMPC) means that the effects of the la-
tent classes on the cell counts are mediated by the weight
vector. The values for after the statement staX = 1
wei(XMPC) specify which of the 27 cells are affected by
the first latent class (“0” means not affected, and “1”
means affected), and the values for indicate theX = 2
cells that are affected by the second latent class. For the
combinations that cannot occur, two 0’s are specified,
so that the expected cell counts are multiplied with

. For the tri-ln(wMPC) ln(0#110#I )me = e = 0 # 1 1 0 # I = 0m

ads in which M 1 F, a value of 0 is specified for the first
latent class, and a value of 1 is specified for the second
latent class. This implies an effect of 0 # 1 1 1 # I =m

on the cell count. For the triads , 1’sI M = P = C = 1m

are specified for both latent classes, so that the total
impact becomes . Note that, if1 # 1 1 1 # I = (1 1 I )m m

the effect of the second latent class is fixed to 0 as well
(no imprinting and ), the weight becomesbmb = 0 e = 1m

1 for all combinations that can occur and becomes 2 for
triads consisting entirely of heterozygotes.

Tests can be performed by merely changing the num-
ber of parameters in the mod statement plus the param-
eter specification in the des statement. For instance, to
fit a model without imprinting, we would use fac(X,0)
instead of fac(X,1) and 0 0 instead of 0 1. The output
of LEM reports the log likelihoods plus a variety of other
fit indices, parameter estimates, standard errors of the
estimates, and comparisons between estimated and ob-
served cell frequencies. To perform an LRT, one needs
to take two times the difference between the log likeli-
hoods of the full model and the model without imprint-
ing. Because one parameter is fixed to 0, this statistic
will be x2 distributed with 1 df. A number of submodels
are worth mentioning. If we assume that there are no
imprinting and no maternal effects (fac(M,0) and that
des = 0 0 0), then Schaid and Sommer’s (1993) genotype
relative-risk method is obtained, in which andbpe = P1

. Recessive models , can be specifiedb2e = P b = 0 b 1 02 p 2

by fac(C,1) and des [0 0 1], dominance models b =p

by fac(C,1) and des [0 1 1]. Although for polygenicb2

traits it may be a somewhat coincidental situation (Van
den Oord 1999), a gene-dosage model is obtained by
imposing the constraint by use of cov(C,1)b = 2 # b2 p

and des [0 1 2]. Note that the command cov instead of
fac must be used. The reason is that C is now treated
as a covariate rather than as a nominal factor, because
the expected cell frequencies are linear in C (if ,C = 0
the effect is ; if , the effect is ; and,0 # b C = 1 1 # bp p

if , the effect is ). This latter test is asymp-C = 2 2 # bp

totically equivalent to the traditional TDT (Spielman et
al. 1993), so that LEM also enables one to perform a
variant of the TDT with incomplete triads.
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The name after the command dat in the LEM script
means that the data are in the file TEST.DAT. The num-
ber after rec shows that there are 100 triads. The data
are in free format, with one record for each triad. The
first two records are 3 3 3 and 1 0 1. The numbers in-
dicate the cell to which the triad belongs, and 0’s are
used for missing genotypes. Thus, 3 3 3 pertains to a
triad in which all three members have two copies of the
variant allele ( ), and 1 0 1 pertains to aM = F = C = 2
triad in which the genotype of the father is missing and
in which the mother, as well as the child, has 0 copies
of the variant allele. There are seven possible data pat-
terns. This is indicated by the first number after the com-
mand dim. To inform LEM about the nature of patterns,
the statement sub is used. For example, MPC pertains
to triads with nothing missing, MC to triads with the
genotype of the father missing. Maximum-likelihood es-
timates are obtained by means of the EM algorithm. The
E step of this iterative method is of the form

e e e en = n 1 n p 1 n p 1 n pMPC MPC MP0 C dMP M0C PdMC 0PC M dPC

e e e1n p 1 n p 1 n p .M00 PCdM 0P0 MCdP 00C MPdC

The 0’s indicate that the genotype is missing, and su-
perscript e indicates that the statistic is estimated and
not observed. Thus, estimates of observed cell entries are
computed with the use of the observed data plus the
current estimates of the predicted cell frequencies that
are made on the basis of the information from incom-
plete triads as well. In the M step of the EM algorithm,
the predicted cell counts ne

MPC are treated as if they were
really observed, to obtain new estimates of the log-linear
parameters and of the cell frequencies. To speed up the
estimation, the program is instructed to switch to New-
ton-Raphson after 10 iterations (command new). Con-
vergence is usually reached in !1 s on an ordinary
computer.

To examine whether the script worked properly, we
first computed expected cell frequencies, using the full
model. Fitting the script to these frequencies gave a per-

fect fit, and the correct parameters were recovered. Next,
we simulated 1,000 samples of 100 triads in six different
conditions for which missing paternal genotypes of 0%,
10%, 20%, 30%, 40%, and 50% were assumed. The
data were simulated with the assumption of two com-
pletely segregated strata that were mixed, so that the
sample comprised approximately equal proportions of
triads from each stratum. Within the first stratum, the
frequency of the disease allele was .10 and the disease
risk was .01; within the second stratum, the frequency
of the disease allele was .9 and the disease risk of .1 was
10 times greater. When data were simulated under the
assumption of no genetic effects, the null hypothesis

was rejected in 4.3%, 6.1%, 4.4%, 5.5%,b = b = 0p 2

4.8%, and 4.9% of the 1,000 samples. Z-tests showed
that none of the rejection rates differed significantly from
the expected type 1 or alpha error of 5%. This showed
that the tests for genetic effects were accurate, even in
conditions under which the number of missing paternal
genotypes was substantial. The whole simulation was
repeated by generating the data with assumed.b 1 02

The rejection rates of the null hypothesis or the power
in the six conditions was 52.1%, 53.4%, 48.0%, 49.9%,
42.2%, and 43.8%. This confirmed results, reported by
Weinberg (1999a), showing that, even with many in-
complete triads, the EM LRT recaptures much of the
loss in information.

The scripts for all the tests discussed in this article,
sample data, and output can be downloaded from the
first author’s Internet site, Pedagogiek Utrecht. We
should mention that Weinberg (1999b) proposed an al-
ternative test for parent-of-origin effects that is also valid
in situations in which the locus is a marker rather than
a candidate gene. A script plus documentation for this
parent-of-origin LRT can be found at that site as well.

EDWIN J. C. G. VAN DEN OORD1 AND

JEROEN K. VERMUNT2

1Department of Child and Adolescent Psychology,
Utrecht University, Utrecht, and 2Department of
Methodology, Tilburg University, Tilburg, the
Netherlands

Appendix

The following LEM script estimates the full model reported by Weinberg (1999b, table 1). The numbers and
text in boldface indicate the only instructions that need to be changed in order to perform significance tests and
to adjust the data format to one’s own data.
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Electronic-Database Information

URLs for data in this article are as follows:

KUB, Departement Methoden en Technieken van Onderzoek
(mto), http://cwis.kub.nl/˜fsw_1/mto_snw.htm#software

Pedagogiek Utrecht, http://www.fss.uu.nl/ped/welcome.html
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